highest maximum stress and drag during dorsoventral loading and lowest maximum stress and drag 2 1 4 during lateral loading, with blue marlin values being intermediate for both variables in both loading 2 1 5 directions (Fig. 6B, C ).
1 6
Discussion 2 1 7
Our data suggest that the morphological differences observed between swordfish and blue marlin 2 1 8 rostra have performance implications, and that these morphological and mechanical differences may be 2 1 9 consistent with different feeding behaviors. Considering the possible role of the rostrum during feeding, 2 2 0 the blue marlin rostrum is built like a short, solid javelin with cross-sectional anatomy suggesting multi-2 2 1 axial use; in contrast, the swordfish rostrum appears suited for use as a light-weight, low drag, uniaxial 2 2 2 weapon.
3
Despite the cross-sectional shape differences between the two species, our data show several 2 2 4 material and structural commonalities between blue marlin and swordfish rostra, providing strong 2 2 5 evidence that common evolutionary pressures (e.g. growth, use in feeding) may have shaped rostral 2 2 6 anatomy in both species. In general, both rostra show opposing trends in I and E, with the former 2 2 7 increasing rapidly proximally, but the latter increasing distally (Fig. 4C, D) . The decrease in E proximally 2 2 8 means that the increase in EI must solely result from disproportionate changes in I. The distribution of 2 2 9
regions. Stress values tended to be comparatively low in area 4, achievable due to the comparatively large 2 3 9 I values at the base (>60% bill length). This increase in I is a function of the change in geometry and the 2 4 0 large cross-sectional areas in proximal regions, but also the peripheral arrangement of bone in this area.
4 1
This arrangement allows for a high I without necessitating increased weight, as the core of the base of the 2 4 2 rostrum is filled with low density materials (adipose tissue and cartilage) that are lighter than a 2 4 3 comparable rostrum of solid bone (Fig. 1, Fig. 2, area 4) . Biological structures that have a similar 2 4 4 conformation (solid exterior and a softer, light-weight interior) such as the toucan beak, porcupine quills, 2 4 5 and feather shafts (Bonser, 2001; Seki, et al. 2005; Meyers, 2013) have been suggested to not only 2 4 6 increase I in a structure but also to decrease the probability of local buckling by dissipating fracture 2 4 7 energy and preventing the collapse of the thin cortical walls, while also minimizing weight (Ma et al., 2 4 8 2008; Meyers, 2013) . Furthermore, Gudger (1940) proposed this filling in billfishes may also act as shock 2 4 9 absorber, dampening vibrations during striking of prey.
5 0
The ecological implications of the distal increase in material stiffness may be associated with 2 5 1 feeding, as this change minimizes deflection of the distal portion of the rostrum and provides a hard 2 5 2 surface for striking prey. Billfish rostra are subject to periodic loadings over long periods of time, which 2 5 3 may result in fatigue damage and favor the formation of microcracks in this stiffer area, as in bone and 2 5 4 nacre (Currey, 1984) . Similar gradients of stiffness have been reported in other biological structures 2 5 5 including bird feathers (Macleod, 1980; Bonser and Purslow, 1995) , squid beaks (Miserez et al., 2009) 2 5 6 and spider fangs (Politi et al., 2012) , the latter two systems also acting as predatory weapon, similar to 2 5 7 billfish rostra . In addition, the higher incidence of remodeled bone morphology in the distal region of the 2 5 8 rostrum, suggest the tissue is under regular loading and therefore more prone to damage and 2 5 9 consequently, remodeling (Atkins et al., 2014) . Distal stiffening of rostral material could also counteract 2 6 0 structural tapering relating to hydrodynamic demands. Previous work has shown that the drag experienced 2 6 1 during lateral swiping of the elongate rostrum in alligators is proportional to the height of the jaws 2 6 2 (McHenry et al., 2006) . Minimizing element height (via distal tapering) may reduce drag in billfish rostra, 2 6 3 however it also comes at the cost of potentially reducing cross-sectional area and resistance to bending In order to investigate the tissues comprising the rostra, transverse sections were prepared for 3 5 4 both swordfish (n=1) and blue marlin (n=1) at four regions along each rostrum, mirroring the locations of 3 5 5 strain gauge placement (see bending experiment section). Four transverse sections (areas 1-4, distal to 3 5 6 proximal) of approximately one half-centimeter thickness were cut from one representative rostrum of 3 5 7 each species. Transverse sections were preserved in 10 % buffered formalin followed by decalcification 3 5 8 in formic acid (50 % HCOOH, 50 % H 2 0) -sodium citrate (500 g NaH 2 C 6 H 5 O 7 , 2500 ml H 2 0). Sections of 3 5 9 4 µm were made with a Bioacut microtome (Leica/Reichert Jung model 2030, Wetzlar, Germany) and 3 6 0 stained using hematoxylin and eosin. Samples were observed under compound microscope (Leica CTR 3 6 1 6500 Wetzlar, Germany). Pictures were taken at two magnifications, 50 and 100x, with a digital camera 3 6 2 (Leica DFC 420c Wetzlar, Germany). Although this tissue had been subjected to previous freeze-thaw 3 6 3 cycles, which may compromise bone tissue and cellular ultrastructure (e.g. nuclei and osteocytes; Andrade et al., 2008) , these changes are irrelevant for the scale of our observations and osteocytes are 3 6 5 lacking from the bone of these species.
6 6
Geometric analysis 3 6 7
In order to understand geometric/structural contributions to the mechanical performance of 3 6 8 billfish rostra, we applied beam theory analyses to transverse sections of the rostra of 4 swordfish and 2 3 6 9 blue marlins (Table 3 ) using a custom MATLAB script described below. Our analyses were restricted to 3 7 0 the contribution of hard tissue (bone) as CT scanning captures only bone structure accurately and bone 3 7 1 occupies the majority of the rostra. 3 7 2
Rostral bone was isolated within each dataset using the Segmentation Editor in Amira (Mercury 3 7 3
Computer Systems, Berlin, Germany) by first digitally isolating the rostrum (by cropping out all tissue 3 7 4 caudal to the nares). The rostrum includes a range of tissue types (e.g. bone, cartilage, adipose tissue); to 3 7 5 extract the bony tissue, we selected the largest peak from the scan's histogram distribution of grayscale 3 7 6 values, and then made small-scale adjustments to the selection range while noting the effect on the 3 7 7 morphological accuracy of the resultant volume (i.e. whether the volume represented more or less bone 3 7 8 than was known from dissection to be there). This "bone selection" method resulted in more 3 7 9 morphologically accurate volumes than an alternate method, where the grayscale thresholding range was 3 8 0 set at the start of the MATLAB script through an iterative series of threshold steps on individual original 3 8 1 (full grayscale range) CT slices. However, when thresholding methods were compared for the same CT 3 8 2 datasets, analyses of cross-sectional geometry in MATLAB (see below) produced nearly identical trends, 3 8 3 indicating the technique is robust, regardless of thresholding method. 3 8 4
Each resultant thresholded (i.e. "bone-only") volume was sectioned orthogonal to the longitudinal 3 8 5 axis of the rostrum and an image stack of cross-sections exported to the MATLAB script. The script then 3 8 6 performed a slice-wise analysis of cross-sectional geometry, beginning by normalizing rostrocaudal 3 8 7
positions to percent lengths to facilitate comparison across scans (i.e. the slice containing the rostral tip 3 8 8 represented 0% length, the slice containing the caudal end of the rostrum represented 100% length).
However, as the non-bony tissues are located closer to the NA and their moduli are as of yet unknown 4 0 1 (although likely orders of magnitude less), we simplify the analysis by focusing only on the bone tissue 4 0 2 and assuming it has a consistent modulus down the length of the rostrum and between species. 4 0 3
The second moments of area of any shape around a given axis is given by I=‫‬ ‫ݕ‬ 2 dA, where y is 4 0 4 the perpendicular distance of the area element dA from that axis. For simple shapes this is readily 4 0 5 calculated analytically and tables of appropriate formula can be found in textbooks. For complex shapes 4 0 6 where no easy analytical equation is available, it is possible to divide the complex shape up into simple 4 0 7
shapes for which the second moment of area is known, and add these values together weighted by the 4 0 8 distance of the centroids of each shape to the bending axis (Gere 2002). We apply this approach to the 4 0 9 complex geometries of our CT data, so that for each cross section, the second moment of area about a 4 1 0 given neutral axis (NA) is calculated with the following equation:
where n is the number of individual pixels; I pix is the second moment of area of each pixel relative to its 4 1 2 own centroid, (athe NA (NA was determined as the axis perpendicular to the applied force passing through the centroid 4 1 4 of each cross section). Apart from the term (I pix ) in the summation, this equation is identical to the 4 1 5 standard integral; the I pix term, however, is important when there are few pixels in an examined cross-4 1 6 section and/or y is small compared to the pixel size (i.e. at the extreme proximal or distal ends of the 4 1 7 rostra), as the area of each pixel is proportionately more important to the cross-section's second moment 4 1 8 of area. For large and/or thick-walled cross-sections, when y is large compared to the pixel size, the 4 1 9 corrective term I pix would be negligible and our equation and the standard integral would effectively yield 4 2 0 the same results. The major and minor axes are defined as the longest and shortest diameters of the cross-section; in both 4 2 6 species, these structural axes correspond to the lateromedial and dorsoventral axes of the rostra, 4 2 7 respectively (see cross-sections in Fig. 9 ). The ratio of the two moments (I maj /I min ) is a mechanical aspect 4 2 8 ratio, describing the anisotropy of bending resistance for the cross-section. Whereas an ellipse would 4 2 9 exhibit a higher ratio, indicating a greater resistance to bending along one axis, a circle's moment ratio 4 3 0 would be 1.0, indicating isotropy in bending resistance.meaningful as relative measurements and so are presented as percentages of each scan's maximum value, 4 3 8 from 0-100%.
3 9
Bending experiments in a material testing system (MTS) 4 4 0 Billfish heads were thawed and prepared for material testing by removing all soft tissues from the 4 4 1 skull. Once cleaned, each skull (neurocranium) was potted in fast curing cement (Rockite, Hartline 4 4 2 products, Cleveland, OH, USA), firmly encasing the head while leaving the entire rostrum exposed, 4 4 3 simulating a cantilever beam. The embedded skull was then anchored to the floor via a holding device 4 4 4 (Fig. 10 ) and the tip of the rostrum fixed to the crosshead of a materials testing device by a custom made 4 4 5 wooden clamp that enveloped the rostrum cross section allowing vertical motion and load dispersal along 4 4 6 the cross section. The attachment point of the MTS was located approximately 15% of the rostrum length 4 4 7 from the tip, representing a loading point (LP) that might be expected during prey contact. To determine 4 4 8 the reaction of tissue along the length of the rostrum to distal loads, four transverse regions were 4 4 9 demarcated (areas 1 through 4, distal to proximal), starting at 30% rostrum length and spaced 4 5 0 approximately 20% apart. The criteria for the selection of these points were based on the relative 4 5 1 positions that represented the best locations to survey strain along the majority of the rostrum accounting 4 5 2 for differences in length in both species. Each area was fitted with six strain gauges oriented parallel to 4 5 3 the longitudinal axes of the rostrum (C2A-13-125LW-120, Vishay Measurements Group, Inc. Raleigh, 4 5 4 NC, USA): four on the dorsal surface (two lateral and two medial) and two on the medial ventral surface 4 5 5 (Fig. 10) . For proper strain gauge attachment, each region was smoothed with 400-grade sandpaper, and 4 5 6 excess oil removed with acetone. Strain gauges were glued to the underlying bone with Mbond glue 4 5 7 (Vishay Measurements Group, Inc. Raleigh, NC, USA). Because some of the skeletal elements at the base 4 5 8 of the most proximal portion of the rostrum in blue marlin (area 4) are supported medially by soft tissue, 4 5 9
and removing them could greatly affect the structural integrity of the rostrum, strain gauges could not be 4 6 0 attached here, decreasing the total number of strain gauges for this species to 22.gauge at that location (Fig. 10) ; and I is the second moment of area associated to each NA (mm 4 ). For 4 7 8 each area's cross-section, I and y were calculated in MATLAB; for the latter, physical measurements of 4 7 9 the distances of strain gauges from the lateral edge of the rostrum were used to determine their 4 8 0 dorsoventral positions in each digital cross-section, and the dorsoventral distance y of those points from 4 8 1 the neutral axis. Since we were interested in estimating the maximum stress generated by the rostrum 4 8 2 during a set displacement, stress was calculated utilizing the largest bending moment at each area for each 4 8 3 experiment (made by the product of the largest load and the distance from the strain gauges at each area 4 8 4 to the loading point). Although the stress formula has been formulated based on simple structures in Table 1 . Second moment of area obtained from MATLAB geometrical analysis along the rostrum of two billfish species, swordfish (X.
gladius) and blue marlin (M. nigricans)
Second moment of area at four regions along the rostrum (area 1-area 4) for swordfish (SWF) and blue marlin (BM) during lateral (LAT) and dorsoventral (DV) bending The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT were not documented other types of feeding behavior may be equally viable. Fig. 9 . Illustration of the cross-sectional shape differences between species and description of the major steps performed during the MATLAB geometric analysis. From top to bottom: complete skull renderings for both species (swordfish left and blue marlin right) followed by grayscale "bone-only" thresholded rostrum sections utilized for the analysis (number of cross-sections shown were reduced for space purposes), followed by binary images (black and white). Binomial images were produced every 2% along
Figure legends
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT the rostrum and the ratio of bending moments between two loading planes (Imaj/Imin), among other variables, were calculated and graphed along the rostrum. 2.5e+6
